ABSTRACT: Zeolite IPC-3 -which is isostructural with the extra-large pore germanate zeolite ASU-16 -and its Si, Al and Ti forms were synthesized using 1,6-diaminohexane as the template. It was established that the Si atoms occupy the tetrahedral positions in the IPC-3 framework, the Al atoms occupy the octahedral or tetrahedral positions and the Ti atoms the octahedral positions. The germanate zeolite IPC-3 and Si-, Al-and Ti-IPC-3 are stable up to 200-300ºC. Despite the presence of the template, which stabilizes the framework of IPC-3, the adsorption capacities of samples previously degassed at 200ºC were up to 0.13 cm 3 /g.
INTRODUCTION
The search for new oxide materials with open extra-large pore structures, unique framework topologies and novel polyhedral connectivities is currently under intensive study. This interest in novel microporous germanates has arisen not only since germanium is the closest analogue of silicon, but also because it possesses the ability to form polyhedra which differ from those of silicon, viz. trigonal bipyramids (square pyramids on rare occasions) and octahedra. The high coordination numbers of these polyhedra offer the possibility of forming germanate frameworks with higher charge densities than those of silicate zeolites and this, in turn, may result in multi-dimensional channel systems and novel structures with extra large pores (Zhou et al. 2001) .
Recently, one of the extra-large pore zeolites ASU-16 with 24-MR and a low FD (8.6 Ge atoms/nm 3 ) was synthesized using diaminobutane as the template (Plevert et al. 2001) . The secondary building unit (SBU) Ge 7 (O,OH,F) 19 contained seven germanium atoms of mixed coordination number, viz. four tetrahedral GeO 4 , two trigonal bipyramidal GeO 4 F and one octahedral GeO 5 F. The variety of Ge coordination numbers in the microporous germanate ASU-16 may influence the course and extent of the isomorphous substitution of elements with proper coordination numbers.
Here, we report a study of the peculiarities arising from the isomorphous substitution of silicon, aluminium and titanium in the framework of IPC-3 which is isostructural relative to ASU-16, together with a study of the physicochemical properties of the resulting Si-, Al-and Ti-IPC-3 zeolites.
EXPERIMENTAL Synthesis
The germanate zeolite IPC-3 was synthesized (Kas'yan et al. 2006 ) using 1,6-diaminohexane (DAH, 99%, Aldrich) as the template and employing a reaction mixture containing GeO 2 , water, pyridine and HF (48 wt%) with the molar ratio 1GeO 2 :12DAH:70H 2 O:40py:2HF., The corresponding Si-IPC-3, Al-IPC-3 and Ti-IPC-3 compounds were obtained from reaction mixtures containing tetraethylorthosilicate (TEOS), aluminium isopropoxide or titanium(IV) isopropoxide in calculated quantities. These mixtures were prepared by dissolving GeO 2 in a solution containing py, H 2 O and DAH, to which HF was added. The final solutions were heated for 3-5 d in Teflon-lined autoclaves at 150-180ºC. The resulting crystalline materials were washed with water and dried at 40ºC.
Characterizations
X-Ray powder diffraction studies were performed using a DRON-3M instrument with Cu Kα FT-IR spectra (KBr pellets) being recorded on a PerkinElmer Spectrum One spectrometer. FT-IR spectroscopy was applied to control the incorporation of Ge into the IPC-3 framework by monitoring the intensity changes of the Ge-O bond. The Si and Ge contents of the resulting materials were determined gravimetrically with a relative error of less than 2% while the Al content was obtained by reverse complexometric titration with Trilon B also with a relative error of less than 2%. Thermogravimetric analysis was carried out in air over the temperature range 20-1000ºC using a heating rate of 10ºC/min on a Q-1000 instrument. The porous structures of the resulting materials were characterized via a gravimetric adsorption method (adsorbates: methanol and water), the data obtained being analyzed using the Dubinin-Radushkevich equation arising from the micropore volume filling theory (Izotova and Dubinin 1965) . The sample was degassed at 200ºC for 2 h.
RESULTS AND DISCUSSION
Through the use of XRD, FT-IR spectroscopy and chemical analysis, we have attempted to investigate the peculiarities of the isomorphous substitution of silicon, aluminium and titanium atoms into the framework structure of IPC-3 and determine the extent of their inclusion in the structure. It is well known that Si exclusively occupies tetrahedral positions; hence, the incorporation of Si into the IPC-3 framework obviously takes place with the substitution of tetrahedrally coordinated Ge atoms, so that the resulting Si content is limited to the equivalent of 4/7 of the SBU polyhedra. We observed only the re-distribution of some of the reflex intensities in the powder XRD patterns of samples derived from reaction mixtures containing less than 0.4 mole fraction (m.f.) Si, thereby indicating that the inclusion of Si into the structure occurs without significant deformation [ Figure 1(a) ]. Increasing the Si content up to 0.57 m.f., which corresponds to the infilling of all the tetrahedra in the structure by Si, resulted in a significant intensity decrease and reflex broadening in the powder XRD patterns of the samples. This was obviously caused by structural deformation and the change in the crystallographic location of some atoms while still retaining the IPC-3 structure. Zeolite ZSM-5 was obtained from solutions which contained considerable quantities of Si (up to 0.6-0.8 m. limit of 4/7 (or ca. 0.57 m.f.) Si content in the mixture, the samples contained less quantities of Si than the initial reaction mixture and, in the case of reaction mixtures with Si contents higher than 0.57 m.f., the product (with an MFI structure) was enriched with Si. The incorporation of Si into the zeolite framework was monitored by IR spectral methods. Increasing the Si content up to 0.4 m.f. (which corresponds to the infilling of less than 3/4 tetrahedra by Si) led to virtually no change in the spectra of the products. However, substitution of all the Ge atoms in tetrahedral positions by Si led to the appearance of bands in the IR spectra of the compounds at 1208, 1085 and 473 cm -1 , corresponding to stretching and bending vibrations which were assigned to Si-O bonds associated with the formation of uninterrupted siloxane chains in the IPC-3 structure. Similarly, the IR spectra of Ti silicate zeolites with a sufficiently large Ti content showed no evidence of the appearance of absorption bands which could be assigned to Ti-O bonds, although the presence of a shoulder at ca. 970 cm -1 could be attributed to Si-O vibrations in Si-O-Ti fragments (Shvets et al. 2002) . The formation of ZSM-5 from reaction gels with high Si content (> 0.6 m.f.) led to the appearance of structure-sensitive bands at 400-500 cm -1 in the IR spectra. Isomorphous substitution of Al can occur at tetrahedral or octahedral positions in the structure, although such substitution mainly occurs in octahedral positions in the absence of compensating cations or charged templates. The introduction of less than one polyhedron out of a potential 7 (< 0.07 m.f.) into the reaction mixture resulted in the step-by-step diminution of some of the XRD peaks [ Figure 1(b) ]. This phenomenon may be connected with the decreased occupation of some reflection planes as well as the different electronic structures of the Ge 4+ and Al 3+ ions. At the same time, the intensity of the absorption band in the IR spectra at 984 cm -1 , assigned to the Ge-O bond in octahedral coordination (Conradsson et al. 2000) , decreased in line with the increase of Al content in the reaction mixture.
A At the same time, it is noted that if Li + ions are replaced by Na + ions in the above process, the resulting crystallization of IPC-3 (with 0.1 m.f. Al and Na + ion addition in the reaction mixture) also results in the generation of an unknown additional phase. It is possible that the Li + ion with an ionic radius of 0.61 Å is more efficient at compensating negative charges in the framework at those positions which are inaccessible to the Na + ion (ionic radius, 0.95 Å), with Al incorporation in the presence of Na + ions being restricted to octahedral sites. However, even when present in minor concentrations, Na + ions begin to compete with the template in structure-directing and favour the incorporation of moderate quantities of Al in the structure of IPC-3. The presence of considerable quantities of Na + ions together with an 0.4 m.f. Al content leads to the crystallization of a GIS-type zeolite, which can also be synthesized from silicate systems with a high aluminium content (ca. 1:1). As in the case of Al, the isomorphous substitution of Ti can occur in tetrahedral or octahedral positions with the incorporation of a limiting 4/7 or 1/7 SBU polyhedra, respectively. The introduction of less than 0.1 m.f. Ti into the reaction gel leads to the decrease in the intensity and broadening of the XRD peaks of the product which retains the general topology of IPC-3 [ Figure 1(c) ]. Such changes in the XRD patterns are caused by the incorporation of Ti atoms with a larger ionic radius (0.64 Å) relative to Ge atoms (0.44 Å) into the zeolite framework, with consequent local disordering of the structure. The intensity of the band at 984 cm -1 in the IR spectrum assigned to Ge-O in octahedral coordination decreases as the Ti content is increased to 0.1 m.f., thereby providing possible evidence for the incorporation of Ti in octahedral positions. Crystallization of a GIS-type zeolite occurs in systems containing 0.6 m.f. Ti.
The TG and DTA curves of as-synthesized IPC-3 and Si-IPC-3 samples are depicted in Figure 3 (a) and (b), respectively. Three weight loss steps may observed: over the temperature range 20-310ºC, between 310ºC and 650ºC corresponding to the removal of water and decomposition of the template and, finally, at ca. 900ºC corresponding to dehydroxylation of the amorphous germanium dioxide and the removal of carbonaceous residues. Calcination of the samples at 550ºC led the formation of grey powders which were X-ray amorphous, thereby confirming only incomplete removal of the template from the zeolite at this temperature.
Thermogravimetric analyses also indicated a dramatic weight loss arising from the loss of water and template from the 3D channel system of IPC-3. The extent of this loss depended on the chemical composition of the samples, being 38, 47, 24 and 30 wt% for IPC-3, Si-IPC-3, Al-IPC-3 and Ti-IPC-3, respectively. The higher value of the weight loss for Si-IPC-3 relative to that for the germanate IPC-3 may be due to the substitution of considerable quantities of tetrahedral Ge by Si with a lower atomic weight. The results of TG analyses and powder XRD studies of samples calcined at different temperatures showed that germanate IPC-3 and Si-, Al-and Ti-IPC-3 were stable up to 200-300ºC. It should also be noted that the frameworks of the isostructural zeolites ASU-16 (Plevert et al. 2001) and SU-12 (Tang et al. 2005) are stable up to 150ºC and 200ºC, respectively.
Despite the presence of template which stabilizes the framework of IPC-3, the adsorption capacities of samples previously degassed at 200ºC ranged up to 0.13 cm 3 /g (see data listed in Table 1 ). Thus, for sample 3 (Si-IPC-3), it was possible to calculate that the theoretical pore volume of the zeolite in the absence of template would be 0.66 cm 3 /g. It is worth noting that the characteristic adsorption energies on all the samples were very low, viz. 3.1-4.6 kJ/mol, possibly due to the chemical nature of the germanium and zeolite pore sizes. The diameter of the channels in the zeolite framework is close to 15 Å, i.e. similar to that for the isostructural zeolite ASU-16. This diameter falls in the transition region between micropores (where adsorption may be described in terms of the volume-filling theory) and mesopores where multi-layer adsorption occurs. For zeolites with such pore sizes, the characteristic features of micropores gradually disappear in favour of those exhibited by mesopores. As a consequence, the value of the characteristic adsorption energy, E 0 , for zeolite IPC-3 is less than those typical of silicate zeolites.
It should be noted that we have shown in previous work (Shvets et al. 2002) that characteristically low adsorption energies (8.7-10.3 kJ/mol) are observed for Ti-VPI-8 zeolites and have explained this observation in terms of the significant increase in the VPI-8 unit cell parameters. It will be noted from the data listed in Table 1 that the values of V 0 calculated from methanol sorption were 25-35% higher than those from water sorption for germanate IPC-3 and Si-and Ti-IPC-3. Such affinity for methanol demonstrated by the samples may be due to the "dissolution" of methanol in the template, which is retained in the pores and presumably increases in amount with increasing pore volume. In addition, a sharp increase was observed at P/P s > 0.85 in the methanol isotherm. This increase was absent from the water isotherm and may be connected with the additional "dissolution" of methanol. However, for samples containing Al the reverse effect was observed for the values of V 0 calculated from methanol and water sorption. In these cases, the values of V 0 as calculated from the water isotherm were slightly larger, probably because of the significant hydrophilicity of Al-IPC-3 with 0.25 m.f. Al content. The lower pore volume for sample 3 compared with sample 2 may be explained by diffusion difficulties arising from the partially amorphous nature of the sample with increasing Si content in the structure.
CONCLUSIONS
Using 1,6-diaminohexane as a template, we have obtained the germanate zeolite IPC-3 which is isostructural with the zeolite ASU-16. The silicon, aluminium and titanium analogues of IPC-3 have also been synthesized. It was shown that silicon occupies tetrahedral positions in the structure of this zeolite up to the 4/7 limit for SBU polyhedra, aluminium may occupy tetrahedral and octahedral positions up to the 2/7 SBU polyhedron limit while titanium occupies octahedral places up to the 1/7 SBU polyhedron limit in the IPC-3 framework. We have noted that the presence of traces of Li + ions in the initial reaction gel favoured octahedral coordination for Al in Al-IPC-3 and led to an increase of the Al content in the structure. Thermogravimetric analyses showed a dramatic weight loss of up to 47 wt% depending on the chemical composition of the samples, which was attributed to the very open structure of IPC-3. Germanate zeolite IPC-3 and Si-, Al-and Ti-IPC-3 are all stable up to 200-300ºC. Despite the presence of template, which stabilizes the framework of IPC-3, the adsorption capacities of samples previously degassed at 200ºC ranged up to 0.13 cm 
